Abstract 63/65 Cu-and 35/37 Cl-NMR experiments were performed to investigate triplet localization in the S = 1/2 dimer compound NH 4 CuCl 3 , which shows magnetization plateaus at one-quarter and three-quarters of the saturation magnetization. In 63/65 Cu-NMR experiments, signal from only the singlet Cu site was observed, because that from the triplet Cu site was invisible due to the strong spin fluctuation of onsite 3d-spins. We found that the temperature dependence of the shift of 63/65 Cu-NMR spectra at the singlet Cu site deviated from that of macroscopic magnetization below T = 6 K. This deviation is interpreted as the triplet localization in this system. From the 35/37 Cl-NMR experiments at the 1/4-plateau phase, we found the two different temperature dependences of Cl-shift, namely the temperature dependence of one deviates below T = 6 K from that of the macroscopic magnetization as observed in the 63/65 Cu-NMR experiments, whereas the other corresponds well with that of the macroscopic magnetization in the entire experimental temperature region. We interpreted these dependences as reflecting the transferred hyperfine field at the Cl site located at a singlet site and at a triplet site, respectively. This result also indicates that the triplets are localized at low temperatures. 63/65 Cu-NMR experiments performed at high magnetic fields between the one-quarter and three-quarters magnetization plateaus have revealed that the two differently oriented dimers in the unit cell are equally occupied by triplets, the fact of which limits the theoretical model on the periodic structure of the localized triplets.
the b − c plane as shown in Fig. 1 . We labelled the differently-oriented Cu 2 Cl 6 dimers at the corners and center of the unit cell as the α and β dimers, respectively, in the present paper as shown in Fig. 1 .
The magnetic ground states of the isomorphous compounds KCuCl 3 and TlCuCl 3 are the spin singlet with excitation gaps [3, 4, 10, 11, 12] . From the analyses of the dispersion relations obtained by neutron inelastic scattering experiments, it was found that the origin of the spin gap is the strong antiferromagnetic interaction in the chemical dimer Cu 2 Cl 6 , and that the neighboring dimers are coupled by the interdimer interactions along the double chain and in the (1, 0, −2) plane [13, 14, 15, 16, 17] . On the other hand, NH 4 CuCl 3 is a gapless antiferromagnet with T N = 1.3 K [18] . NH 4 CuCl 3 presents salient magnetization plateaus in the magnetization process at one-quarter and three-quarters of the saturation magnetization [19] , i.e., for H||a, these plateaus are observed in 5.0 T < H < 12.8 T, and 17.9 T < H < 24.7 T, respectively, and the magnetization saturates at H s = 29.1 T. Because the magnetization [18, 20] and magnetization measurements [19] . Solid lines are guides for the eyes.
plateaus are observed irrespective of the field direction, the origin of the plateau can be attributed to quantum effect. Figure 2 shows the phase diagram of NH 4 CuCl 3 determined from the previous specific heat measurements [18, 20] and magnetization measurements [19] .
It can be expected that NH 4 CuCl 3 undergoes three kinds of antiferromagnetic orderings through the one-quarter and three-quarters magnetization plateaus up to the saturation field at low temperature upon increasing the magnetic field.
Recently, Matsumoto [21] theoretically suggested that there are three distinct magnetic dimer sublattices with different exchange interactions in NH 4 CuCl 3 , in contrast to the isostructural KCuCl 3 and TlCuCl 3 , and reproduced well the magnetization plateaus and field dependence of the magnetic resonance frequencies observed in ESR measurements [22, 23] by his model. Successive structural phase transitions which may indicate the creation of such distinct magnetic dimers have been observed at low temperatures by means of various kind of experiments [24, 25, 26, 27, 28] while the isostructural KCuCl 3 and TlCuCl 3 undergo no structural phase transitions at low temperature. Although some experiments proposed that the crystal structure becomes triclinic space group P 1 or P1 which enables to form multiple distinct magnetic dimers by enlarging the unit cell, the crystal structure including the detailed atomic positions at low temperature has not been fully determined yet. The magnetic ordering at zero field was observed and the magnetic structure at the 1/4-plateau state was proposed by the neutron elastic scattering experiment [26] . Fig. 1 . In 15 N-NMR experiment, the periodic structure of the triplets at the 1/4-plateau phase was proposed from the calculation of the internal fields at N sites by using a point dipole approximation. Also, in 14 N-NMR experiment, the periodic structure at the 1/4-plateau phase was proposed from the discussion of the crystal symmetry at low temperature. However, there remain controversies in the magnetic structure at zero field together with the periodic structure of the triplets at the plateau phases, as well as the crystal structure.
As mentioned above, the periodic structure of the triplets has not been determined yet.
Moreover, the triplet localization at low temperature has not been observed directly yet. In order to observe the triplet localization, it is important to perform NMR experiments of Cu and Cl ions, which are closer to the magnetic moments at Cu sites than N ions, as shown in Fig. 1 CuCl 3 and will discuss the observed results with the periodic structure of the localized triplets proposed in the previous neutron [26] and N-NMR [27, 28] experiments from the viewpoint of the temperature and magnetic field dependence of the amplitudes of the observed 63/65 Cu-NMR spectra in the following sections.
II. EXPERIMENTAL DETAILS
Single crystals of NH 4 CuCl 3 were prepared by a slow evaporation method [19] . As mentioned in the Introduction, because the crystal symmetry is lowered at low temperature in this system, splitting of Cu-NMR spectra to reflect the lowered crystal structure is expected. However, the observed Cu-NMR spectra was reproduced by the calculation on the assumption that the crystal structure belongs to the P 2 1 /c space group, as shown in To explain this phenomenon, we propose a model in which the field-induced triplets are spatially localized and contribute only to the macroscopic magnetization and not to the local magnetization of neighboring singlet sites. Its schematic drawing is shown in Fig. 6 .
In the high temperature limit, those triplets are mobile and the system is homogeneous. As the temperature is lowered below a few tens of kelvins, they start to become localized and tend to stop at some specific spatial positions, indicated as A and avoid to stop at some other positions, indicated as B in Fig. 6 . Since the local magnetic field at the singlet site B is produced only by moving triplets, it always decreases with decreasing triplet localization dependence of the local magnetization of the triplet site, indicated as A in Fig. 6 , must agree with the macroscopic M, which is to be discussed in the following subsection. are shown in Fig. 7 . Here, the temperature dependence of the relative shift ∆H of peak #3 deviates below T = 6 K from that of the macroscopic magnetization M as observed in the 63/65 Cu-NMR experiments described above, while the temperature dependences of the relative shifts ∆H of peaks #1 and 2 correspond well to that of the macroscopic magnetization M in the entire experimental temperature region as ∆H = AM, where the hyperfine coupling constant A is obtained as +12 and −25 T/µ B , respectively.
As mentioned in the previous section on 63/65 Cu-NMR experiments, field-induced triplet dimers localize at low temperatures in NH 4 CuCl 3 . Based on this consideration, we can interpret the observed results of 35/37 Cl-NMR experiments. The appearance of the two kinds of the temperature dependence in the Cl-shift indicates that there are two magneticallyinequivalent dimers that are localized. As for the Cl sites located at singlet dimer, since they are scarcely affected by the neighboring localized triplets, the temperature dependence of the shift of such Cl site should be independent of the macroscopic magnetization, which is dominated by the triplets. This argument is the same as that of the Cu-shift of the singlet sites given in the previous section. On the other hand, the local magnetization of
Cl sites located at triplet dimer is directly affected by the transferred hyperfine interaction, so the temperature dependence of the shift of such Cl site agrees well with the macroscopic magnetization. Hence, we can expect that the observation of the two kinds of temperature dependence in the Cl-shift will provide microscopic evidence of triplet localization below
The wide range of the hyperfine coupling constants for Cl at each of the two sites is simply because the hyperfine interaction at the Cl site is anisotropic.
The origin of this triplet localization is not still clear, but possibly, inhomogenization of the system due to the rotation freezing of the non-centrosymmetric NH 4 molecule may be related. [28] In order to confirm the validity of our localization model, we propose an experiment on the detection of the slow dynamics in localizing triplets. This can be probed by muon spin relaxation experiment in the longitudinal field H LF (LF-µSR). We observed that the extra peaks indicative of antiferromagnetic ordering appeared at low temperature, as shown in Fig. 9 . Because we did not obtain sufficient data to determine the magnetic structure of the ordered phase in the present experiments, we do not discuss the observed extra peaks in this paper.
In the models proposed from the neutron experiments by Rüegg et al. [26] , a doubly elongated unit cell in the direction of the b-axis contains four dimers, two of which are equivalent, and hence three inequivalent dimers with different saturation fields. These three, with an abundance ratio of 1 : 2 : 1, are α, β and α dimers (or β, α and β dimers), respectively. If we follow their models, between the 1/4-plateau and 3/4-plateau phases, then one quarter of the dimer sites would be completely filled by triplets and half of them would be partially filled by triplets; only the remaining quarter of the sites would retain singlets, which means that they should be visible by NMR. Our observations completely contradict their models which indicate that only one of the two sites of dimers α or β remains a singlet in this field region. On the other hand, the periodic structure at the 1/4-plateau phase proposed to explain the 15 N-NMR experiment [27] , in which the triplets are arranged per four dimers along the a-axis and also satisfy translational symmetry along both b-and c-axes, is consistent with our observation because in their model there are singlets in both the α and β dimers. Moreover, the periodic structure at the 1/4-plateau phase proposed to explain the 14 N-NMR experiment [28] , in which the triplets are formed over different double chains at the corners and center of the unit cell, is consistent with our observation because the triplets in their model are formed by one of the Cu spins in the α dimer and that in the β dimer, so the number of Cu sites forming the remaining singlets is the same in both α and β dimers. It is important to perform a detailed investigation of spin correlation functions by means of neutron scattering experiments at high magnetic fields in order to investigate the structure of triplets, namely which Cu spins form the triplet, as well as the periodic structure of triplets at plateau phases.
IV. CONCLUSION
We presented the results of 63/65 Cu-and 35/37 Cl-NMR experiments to investigate triplet localization in the quantum spin system NH 4 CuCl 3 . In the 63/65 Cu-NMR experiments for the 1/4-plateau phase, we found that the observed rotational profiles could be well reproduced by using the nuclear spin Hamiltonian (eq. 1) of 63/65 Cu with the parameters of quadrupole interaction parameter 63 ν Q =39.2 MHz, asymmetry parameter η=0, and Knight shift K≃0 % and with the principal axis of the field gradient tensor directed perpendicular to the basal plane of the Cu 2 Cl 6 octahedron, indicating that the singlet Cu sites are visible only in the 63/65 Cu-NMR experiments, as shown in Fig. 3 . Moreover, we found that the temperature dependence of the relative shift ∆H of 63/65 Cu-NMR at the singlet Cu site deviated from that of the macroscopic magnetization M below T = 6 K, as shown in Fig. 4 . This indicates that the triplet localization actually occurs due to the existence of the inequivalent magnetic dimer sites at low temperature. From the 35/37 Cl-NMR experiments for the 1/4-plateau phase, we found two kinds of the temperature dependence of the Cl-shift: in one, the temperature dependence below T = 6 K deviates from that of the macroscopic magnetization M as observed in the 63/65 Cu-NMR experiments at the 1/4-plateau phase, whereas in the other, the temperature dependence corresponds well to that of the macroscopic magnetization M in the entire experimental temperature region, as shown in Fig. 7 . We interpret these two dependences as reflecting the fluctuating field at the Cl site at a singlet site and that at a triplet site, namely this result also indicates that the triplets are localized at low temperature. To investigate the periodic structure of the localized triplets in NH 4 CuCl 3 , we also performed 63/65 Cu-NMR experiments at high magnetic fields between the one-quarter and the three-quarters magnetization plateaus and found that the amplitudes of 63/65 Cu-NMR spectra of α and β dimers were almost the same and showed no temperature or magnetic field dependence, indicating that there are the same number of singlet sites in both α and β dimers between the 1/4-plateau and 3/4-plateau phases, as shown in Fig. 9 . These results do not support the periodic structure of localized triplets proposed in the previous neutron experiment, while are consistent with that proposed in the previous N-NMR experiments.
